By methods analogous to those used in the classical statistical analysis of bacterial mutation, we have analyzed the formation of plasmid-free cells in populations of Escherichia coli harboring pBR322-derived plasmids. Application of fluctuation tests and papilla analysis suggested that there is a high variance in the probability that a plasmid-containing cell will produce a plasmid-free daughter cell. Apparently a subpopulation of plasmid-containing cells gives rise to progeny that produces plasmid-free cells with a high and unpredictable rate. This finding raises the question of whether plasmid maintenance can be adequately described by the conventional mathematical models.
described by the conventional mathematical models.
Mathematical models describing the population dynamics of growing bacteria harboring plasmids have been used by many authors, both to gain understandings of the biology of plasmids (17, 19) and, especially in biotechnology, to predict plasmid maintenance (8, 16) . In this study, we attempted to verify the assumptions underlying the models experimentally.
The prevailing models for plasmid maintenance are deterministic in the sense that they are based on the assumption that the number of loss events occurring at all times is exactly that predicted, not just somewhere near it. We may consider these theories as describing the average outcome of an infinitely large number of experiments. The model for maintenance of nonconjugative plasmids that has appeared most frequently in the literature is based on the claim that the number of plasmid-containing cells (N+) and the number of plasmid-free cells (N_) satisfy the following simultaneous differential equations: dN+ = k+N+dt-RN+dt (1) dN_ = k_N_dt + RN+dt (2) where k+ and k_ are constants representing the rates of division of plasmid-containing and plasmid-free individuals and R is the segregation rate, a constant representing the rate of production of plasmid-free individuals from plasmid-containing individuals. Equations 1 and 2 can in principle be deduced from many different assumptions of growth and plasmid loss; the most naive is that during the interval dt, all N+ individuals have an identical probability, k+dt, of dividing, all N_ individuals have an identical probability, k_dt, of dividing, and all N+ individuals have an identical probability, Rdt, of undergoing plasmid loss. In contrast to this, Seo and Bailey (16) deduced a model based on the assumption that plasmid loss occurs only at division of plasmid-containing cells and that the outcome is the concomitant birth of a newborn plasmid-free and a newborn plasmid-containing cell. This model takes the age distribution of the two populations into account, and plasmid loss is described by an dimensionless parameter, 0, defined as the probability of birth of a plasmid-free cell upon division of a plasmid-containing cell. Although we have outlined the two models in a way that emphasizes the difference between them, it should be clear that there is one central similarity: the probability of plasmid loss, whether measured per time or per division, is identical for all plasmidcarrying individuals. This should not be taken literally. The distribution of plasmid copies among individual cells in a population is probably broad (12) , and if plasmids segregate at random during cell division, this would result in a spread of the individual rate of plasmid loss. Furthermore, plasmid multimerization has been shown to affect the segregational stability of the plasmid (21) , and plasmid multimerization in individual cells may result in subpopulations of plasmid-containing cells with unusual high rates of plasmid loss (20) . The relevant question is therefore whether we can describe plasmid loss from a population with some, not clearly defined, mean probability of loss for all plasmid-containing cells.
The deterministic models take no account of the randomness of plasmid loss, and they are therefore inadequate for a complete description of the process. Consequently, they are not optimal for experimental verification. As far as we know, no one has yet presented a stochastic model for plasmid loss, but because of the conceptual resemblance between mutation and plasmid loss, we can make use of the classical stochastic models for bacterial populations subject to mutation. There are two such models relevant to this study. One is that of Lea and Coulson (10) , which is based on a definition of the mutation rate per time analogous to that of the segregation rate, R, used in equations 1 (22) and plasmid-containing bacteria die within a few minutes. At a low temperature (30°C), plasmid-containing bacteria are able to grow (with approximately 8% growth inhibition compared with plasmid-free bacteria). pBOE115 carries the parB locus from plasmid Rl, and pBOE135 carries the sop locus from the F plasmid. The parB determinant increases the segregational stability of the plasmid by postsegregational killing ofplasmidfree cells (7) , whereas the sop locus is believed to encode a true partitioning function (2).
Media and growth conditions. AB minimal medium (5) supplemented with thiamine (1 mg/liter) and glucose (0.05% [wt/vol]) was used as the liquid medium, glucose being the limiting growth factor. LB medium (3) leaving only plasmid-free bacteria to form colonies. Thus, the number of colonies on each plate reflected the number of plasmid-free bacteria in the corresponding well at the time of plating, and the distribution of plasmid-free bacteria in the cultures could thereby be enumerated.
Enumeration of the number of plasmid loss events (the papillae experiment). The papillae experiment was performed analogously to that described by Ryan (13 
RESULTS
The test system. To apply fluctuation analysis to the problem of plasmid loss, the following two requirements must be met: (i) plasmid-free cells must have a selectable phenotype allowing their detection, and (ii) the plasmid must be sufficiently stable to ensure that replicate (parallel) cultures can be started with inocula devoid of plasmid-free bacteria and to ensure a countable number of plasmid-free cells in the outgrown cultures. The use of conditional killer plasmids gave a selectable phenotype to plasmid-free cells; i.e., at the nonpermissive temperature, only plasmid-free cells can grow and form colonies. Besides, the plasmids used in this work, pBOE115 and pBOE135, are segregationally stabilized either byparB or sop. This stabilization was necessary to fulfill the second requirement.
A few of the colonies appearing at the nonpermissive temperature were routinely tested for sensitivity to ampicillin and kanamycin and were found to be sensitive. This finding indicates that at least the majority of the colonies were the result of plasmid loss rather than mutations inactivating the plasmid-borne atp genes. Tables 1 and 2 along with the expected outcomes on the basis of either Haldane's model or that of Lea and Coulson. Goodness-of-fit tests revealed that the fit between the observed distributions and the expected distributions of plasmid-free cells in all cases were unsatisfactory (P < 0.005). The lacks of fits were mainly caused by the occurrence of too few cultures with either one or two plasmid-free cells and too many cultures with more than 128 plasmid-free cells. The latter was Role of inoculum size in determining the distribution of plasmid-free cells. The observation of too many cultures with a high number of plasmid-free cells could indicate that some of the cultures had high and unpredictable probabilities of plasmid loss. Two extreme hypothesis could account for this. Hypothesis 1 states that a small fraction of the cells used for the inoculum were predestined to give progeny with an elevated probability of plasmid loss. Such a phenomenon could, for example, be the result of rare plasmid multimerization events occurring during the growth of the preculture. In hypothesis 2, rare events occurring during growth in a few of the parallel cultures could increase the probability of plasmid loss in the following generations of growth in these cultures. Again, this could, for example, be the result of rare plasmid multimerization events.
Hypothesis 1 is easy to test. If the overrepresentation of cultures with many plasmid-free cells is (at least partly) caused by rare events that have occurred in the preculture, one would expect this phenomenon to be dependent on the inoculum size. If a fluctuation test is started with small inocula, the probability that an inoculum contains the rare cells hypothesized will, of course, be low. If, on the other hand, the inoculum size is large, the probability of an increased plasmid loss rate in a culture should also be high. Consequently, we would, according to hypothesis 1, expect a positive correlation between the inoculum size and the appearance of cultures with many plasmidfree cells in fluctuation tests.
To test this, we performed fluctuation tests on the strain harboring plasmid pBOE135. A series of cultures was inoculated with (on average) 30 plasmid-containing cells; using the same preculture, another series of cultures were inoculated with (on average) 3,000 plasmid-containing cells. The outcomes of these two tests are shown in Table 3 . A contingency test on the identity of the two distributions indicated that they are to be considered as different (P = 0.01); the major cause of the difference is that in the series of cultures inoculated with 3,000 cells, we observed a higher number of cultures with more than 64 plasmid-free cells than we did in the cultures inocu- Table 4 along with the results of goodness-of-fit tests to the expected Poisson distributions calculated from the maximum likelihood estimate. The analysis indicated that the observed distributions were indeed likely to follow the Poisson law (in all cases, P > 0.5). However, about 1 in 50 of the colonies had a morphology that prevented counting of the papillae. Some were big and frayed at the edge, and some had papillae that looked like cauliflower (see Fig. 1B 1 . Plasmid-containing bacteria were plated to single-cell colonies on minimal medium, incubated at 30°C for 72 h, and thereafter incubated at 42°C for 24 h. At 42°C, only plasmid-free bacteria grow; these form papillae within the colonies formed at 30°C. (A) A colony with two papillae and a colony with one papilla; (B) a colony with papillae that themselves consist of an uncountable number of smaller papillae. were incubated at 30°C for 24 h and were then incubated 24 h at 42°C to allow the plasmid-free bacteria to form papillae on the colony clusters formed during growth at 30°C. Table 5 shows the results of such experiments with bacteria harboring pBOE115 or pBOE135 along with the result of goodness-of-fit tests to the expected Poisson distributions. This analysis indicated that the observed distributions were not following the Poisson law (P < 0.05).
DISCUSSION
The distributions of the number of plasmid-free cells in parallel cultures were obtained from traditional fluctuation tests. When these experimental distributions were compared with the theoretically expected distributions, calculated by assumption of either Haldane's model (14) or that of Lea and Coulson (10) , the fits were found unsatisfactory. This indicates that one or more of the assumptions behind the theory are not fulfilled in our experimental designs. Several simplifying assumptions have been made in the deductive theories of Haldane and of Lea and Coulson, but in the present context the most important are (i) that each plasmid-containing cell has the same probability per generation of forming a plasmidfree daughter cell, and that this probability is identical for all generations of growth, and (ii) that the division times for plasmid-containing and plasmid-free bacteria can be considered identical.
One of the major causes of the lack of fit between the experimental results and the theoretically expected results for the parB-stabilized plasmid was that we observed too few cultures with one plasmid-free cell (Table 1) . Cultures with one plasmid-free cell are believed to be the result of exactly one plasmid loss event in the last generation of growth. Consequently, this observation strongly indicates that the probability of plasmid loss was lower in the last generation of growth than in the preceding generations. This would not be surprising, as the copy number of ColEl-derived plasmids has been shown to increase when growth ceases (18) . Alternatively, the stabilization mediated byparB may increase during the last generations of growth.
A major cause of the failure of fit observed for both plasmids was the observation of too many cultures with more than 64 plasmid-free cells. This either could be the result of an increased probability of plasmid loss in these cultures or could be caused by a faster growth rate of plasmid-free cells than of plasmid-containing cells. As the plasmids used do mediate some inhibition of growth on the host (4), we cannot exclude the latter possibility. To overcome this problem, we applied Ryan's papilla technique to plasmid loss. In this design, the number of loss events in a culture is directly estimated from the number of papillae formed on a colony upon incubation at the nonpermissive temperature. (We should, of course, be aware that the process of plasmid loss may differ when the host is cultivated on solid medium.) When colonies were started from a single cell, and when the few uncountable colonies were VOL. 176, 1994 ..... .i. sorted out, a high degree of fit between the experimental distribution of papillae per colony and the expected Poisson distributions was observed (in general, P > 0.5). This finding indicates that the majority of cells do indeed behave as if all plasmid-containing cells had the same probability of producing a plasmid-free cell upon division. However, when colonies were started from 2 x 104 cells, the fit was found to be unsatisfactory (P < 0.05). Taken together with the results from the fluctuation analysis, it seems that a small fraction of the plasmid-containing cells gives rise to a subpopulation with an unusually high and unpredictable probability of plasmid loss.
What remains is to discuss some of the possible reasons for these hyposegregating cells. (We use the term "hyposegregating" because the formation of a plasmid-free cell is the result of nonsegregation of plasmids to one of the daughter cells.) One possibility to consider is whether some of the cells that gave rise to colonies or papillae at the nonpermissive temperature could have originated from cells harboring mutant plasmids (i.e., atp plasmids) rather than from plasmid-free cells. This is not an unrealistic expectation, as the loss rate of the plasmids estimated from Tables 1 and 2 is so low (<10-v per cell division) that it is comparable to mutation rates. However, we found no support for this hypothesis. First, we tested a number of temperature-resistant colonies for ampicillin and kanamycin resistance and found them to be sensitive, indicating that they were plasmid free. Second, in the papilla experiments, plasmid mutations should give a pattern similar to that of plasmid loss, i.e., follow the Poisson law, and mutations consequently cannot explain the appearance of unusual papillae such as those shown in Fig. 1B .
The observation of colonies with an unusually high number of papillae indicates that whatever is causing this high rate of plasmid loss must be heritable. For example, it can be chromosomal mutations that impair the maintenance of the plasmid, or it can be plasmid multimerization. To test the first possibility, we performed a fluctuation test using the sop' plasmid. From the cultures with a high number of plasmid-free cells, we isolated a colony and reintroduced the plasmid; in a few cases, we found that maintenance of the plasmid was indeed reduced (data not shown). This qualitative experiment thus demonstrated that at least some of the hyposegregating cells are the result of host mutations.
We did not attempt to quantitate the role of such mutations with respect to plasmid loss from populations, nor did we attempt to map the mutations, as this is outside the scope of the present study. Our main objective in this study was to ascertain whether plasmid loss can be described by the conventional mathematical models. In the present setup, it could not. It remains to be seen whether this phenomenon is restricted to the present design or whether it is more general for plasmid maintenance. Such a question can be answered only by experiments. Meanwhile, it is our hope that this study will serve as a warning to be careful when argumentation is based on simplifying mathematical models in cases for which not enough facts are known.
